The retina of the goldfish grows by a balloon-like expansion and by the addition of new neurons at the margin. It has been proposed that as a consequence of this expansion the dendritic arbors of ganglion cells in central retina grow in a uniform manner without the addition of new branches. In the present study, we have examined this proposal by comparing the geometries of individual dendritic arbors of largefield ganglion cells from the retinas of small/young and large/ old fish. These comparisons were based on measurements of several parameters of dendritic morphology, including number of segments and branches, branch angles, changes in diameter at branch points, and proximal versus distal distribution of arbor length. In addition, we used passive, steady-state cable modeling as an independent method of estimating the functional architectures of small and large dendritic arbors. Our morphometric data indicate that, though they are very different in absolute size, dendritic arbors of small and large ganglion cells have remarkably similar architectures.
Analysis with steady-state cable equations indicates that the arbors from small and large cells have equivalent electrotonic lengths and show comparable propagation of synaptic currents. These data are consistent with the hypothesis that dendritic arbors of small and large ganglion cells are scaled versions of one another. We conclude that the growth of these cells during the expansion of the retina is the result of the addition of dendritic mass to an arbor whose basic geometry remains unchanged.
Brain growth results from both neuronal hyperplasia and hypertrophy. The latter is generally protracted compared to the period of neurogenesis and reflects a net increase in cellular mass and, perhaps, complexity via the continued addition of new elements at the molecular level. During brain hypertrophy, the integrative properties of neurons must be preserved, however, to ensure continued, normal processing of sensory information and, in immature animals, the emergence of normal behaviors.
The retina of the goldfish is a useful tissue for studying brain hypertrophy because it grows throughout the life of the animal primarily by a balloon-like expansion Johns and Easter, 1977; Kock and Reuter, 1978a; Kock, 1982a) . This retinal hypertrophy results in an increase in retinal area, a decrease in neuronal planimetric density, and an increase in the size and area of ganglion cell dendritic arbors (Kock and Reuter, 1978b; Kock, 1982b; Hitchcock and Easter, 1986 ). In addition, there is a concomitant synaptogenesis within the inner plexiform layer (Fisher and Easter, 1979) .
In the present study, we have examined the hypertrophy of the dendritic arbors of ganglion cells in the continually growing retina of the goldfish in order to test the proposal that these arbors grow interstitially and uniformly (Hitchcock and Easter, 1986) and to gain some insights into the functional consequences of this type of dendritic growth. Although we are unable to examine directly the same dendritic arbor at younger and older stages of development, we have taken advantage of the finding of Hitchcock and Easter (1986) that, by examining a morphological subtype of ganglion cell in restricted regions of the retinas from small/young and large/old fish, one can effectively "see" a cell at early and late stages of growth. We compared the arbors of a well-described morphological subtype of ganglion cell (type 1.2; see Hitchcock and Easter, 1986) in the small retinas of young fish and the large retinas of older fish. Two avenues of investigation were taken: First, morphometric parameters of single dendritic arbors of these ganglions cells were examined to determine quantitatively the similarity in their branching patterns. Second, passive, steady-state synaptic current how within these same arbors was modeled. Because we would expect arbors that are scaled versions of one another to display similar passive, electrotonic properties, this electrical modeling provided an independent evaluation of the arbors' dendritic geometry. Together, our anatomical and electrical data support the proposal that the dendritic arbors of ganglion cells enlarge in a simple balloon-like manner, with no change in their basic architecture.
Portions of these data have been presented in preliminary form elsewhere (Bloomfield and Hitchcock, 1989) .
Materials and Methods
Histology.
The histological procedures used here have been described previously in detail (Hitchcock and Easter, 1986) . Briefly, fish were anesthetized by immersion in 0.1% tricaine methanesulfonate (MS 222). The orbit was opened dorsally to expose the optic nerve, which was then sectioned partially, and a pledget of Gelfoam soaked in 20-30% horseradish peroxidase (HRP) dissolved in 2% dimethyl sulfoxide was placed on the nerve. After 24 d survival, retinas were isolated and fixed either in 2% glutaraldehyde in 0.1 M phosphate buffer (pH, 7.4) for 30 minutes or in a mixture of 2.5% glutaraldehyde/2.0% paraformaldehyde in 0.08 M Sorensen's phosphate buffer (pH, 7.4) for 1 hr.
HRP was visualized using 3,3'-diaminobenzidine (DAB) as the chromagen (Adams, 1977) . Following the HRP reaction, retinas were wholemounted on gelatinized slides, dehydrated in alcohols, cleared in xylenes, and coverslipped.
Partial sectioning of the optic nerve usually results in HRP labeling of many ganglion cells in a restricted region centered upon the optic disk and numerous, scattered cells that are relatively isolated from the other labeled ones. Data were collected only from these well-isolated neurons. Sinale dendritic arbors from 6 HRP-labeled. lame-field (tvne 1.2) ganglion&lls were digitized using a light microscope (Z&s) equipped with a 100 x oil-immersion lens, coupled to a computerized reconstruction system (Eutectic). Cells were entered into the computer using x-, y-, and z-coordinates so that 2-D length information and depth information were combined to create a 3-D reconstruction. The diameters of dendritic segments were entered into the computer using a computergenerated circular target whose size could be adjusted to match the thickness of the dendrite. The computer program provided a drawing and detailed morphometric information for each arbor. We assigned the branch points between the primary dendrite and its daughter dendrites a branch order of 2, the next most distal branch points a branch order of 3, and so on (see Fig. 3 ). Dendritic segments (a piece ofdendrite between 2 branch points) were assigned branch orders in a similar fashion, with the segments between the soma and the first branch point assigned a branch order of 1 (see Fig. 5 ).
Modeling of electrical properties. Attenuation of synaptic potentials within the individual arbors was modeled using passive, steady-state cable theory described by Rall(1959) . Briefly, dendritic segments within a single arbor were considered electrically passive cables with constant specific membrane (R, = 5000 Q-cm*) and specific internal (R, = 100 B-cm) resistances. The length constant (h) of individual dendritic segments was calculated using the formula where d is the diameter of the segment. The electrotonic length (L) of the segment was computed from the equation
where I is the length of the segment. The electrotonic distance of a point of voltage application (i.e., a synapse) from the soma was calculated by adding the electrotonic lengths ofall individual dendritic segments forxning the pathway from the injection site to the soma. In order to estimate the voltage attenuation within a branching dendritic tree, it was first necessary to calculate the input conductance of each dendritic segment. The input conductance of the kth branch can be expressed as
where B, is a factor that relates the input conductance of the dendritic branch to a reference value provided by an infinite extension of the branch. B,, was calculated by the equation &= Bk+l + tanh(l,lh,) 4 + (B,+J tanh(UU ' terminal branches was 0; this approximates a dendrite whose ending is sealed with a relatively high resistance. The B, for the corresponding branch point was thus calculated to be 0, and this was used as the B,, , value for the next most proximal branch. The sequential computation of B factors for more proximal dendritic segments led to the B, value used to calculate the input conductance of the dendrite at the soma origin.
The steady-state voltage attenuation along a dendrite is constrained by the boundary conditions (e.g., sealed vs. open endings) "seen" by current flow within the segment. The B factors calculated for each branch point vary depending upon these boundary conditions. The general solution for voltage attenuation along a dendrite is V/V, = cosh(l/X) + B, sinh(l/X), where 1 is the length of the dendrite and B, is as in Equation 5. (6) Statistics. Unless indicated otherwise, statistical analyses were made using the Mann-Whitney U test (Krauth, 1983) .
Results
Analyses were restricted to arbors of the type 1.2 ganglion cell identified previously by Hitchcock and Easter (1986) . This cell type has a very large soma and 2-3 thick, slowly tapering primary dendrites that form a large dendritic field unistratified within the distal-most zone of the inner plexiform layer. The distinctive morphological features of this type of ganglion cell made identification unambiguous in both small and large retinas (see Materials and Methods). We studied 6 dendritic arbors, each emanating from a single primary dendrite, from 6 different cells in 4 retinas (3 arbors from 2 small fish and 3 arbors from 2 large fish). The average standard body lengths and lens diameters of the fish were 2.0 mm and 4.2 cm, and 3.7 mm and 14.4 cm, respectively. In the small fish, arbors were selected from central retina that were "mature" in that they were no longer adding new dendrites (see Hitchcock and Easter, 1986) . In the large fish, arbors were selected from cells in central retina that would have been mature when at the same size and age as the arbors from the small fish.
Because one cannot study dendritic growth concurrent with retinal stretch, we have adopted this strategy, and we have assumed that studying the arbors in small and large fish is analogous to studying the same cell at early and late points in time (see Discussion). Below, we refer to arbors from cells in small and large fish as small and large arbors, respectively.
Morphometry
Computer-generated drawings of the 6 arbors in flat-mount view are shown in Figure 1 . The photomicrographs in Figure 2 illustrate the soma and proximal portion of the arbors illustrated in Figure 1 , A and D. The small dendritic arbors had a long axis of 400-550 pm, whereas the large arbors had a long axis of 600-750 pm. A qualitative examination of the large and small arbors revealed that, except for a clear difference in their size, they shared several features in common. All arbors displayed relatively long main dendritic branches from which small segments were emitted. There was little overlap of dendritic branches, with only l-2 intersections in a single arbor. As illustrated clearly in Figure 1 , the primary dendrite of an arbor emanated from one side of the cell body, and for the most part, all subsequent branches remained on that side and projected radiately away from the soma. To determine how alike the architectures of small and large arbors were. auantitative measures of several where 1 is the length of the lcth dendritic segment and B,,, is the conductance factor that depends on the branches arising from the next higher-order branch point. At each branch point, 2 B, factors were eenerated. 1 for each daughter dendrite. and B, = 2 Bk(Dd/Dm)3'Z, (5) where Dd is the diameter of the daughter branch and D, is the diameter I _ of the mother branch.
morphometric parameters were compared, and the results are
To calculate the B factors for an entire dendritic arbor, values were described below.
computed for individual branches, beginning at the most distal and
Several fundamental, numeric descriptors of dendritic archiproceeding sequentially toward the soma. We assumed that B,, for tecture are listed in Table 1 . These data indicate that, though the average total arbor length (sum of the lengths of all dendritic segments) of the small arbors was much less than that for the large arbors, the numbers of dendritic segments, branch points, and terminal endings and the maximum branch order were identical for the small and large arbors (p > 0.1 for all measures). The reduction in the diameters of mother and daughter dendrites across branch points was also compared. A well-studied relationship between the size of mother and daughter dendrites is the "3/2-power rule" (Rall, 1962) . The 3/2-power rule is a morphological constraint at branch points that must be followed in order to model a dendritic arbor as an equivalent cylinder; this modeling provides a relatively easy way to compute the electrotonic properties of a neuron (Rail, 1977) . The rule states that, at a branch point, the diameter of the mother dendrite (J4) taken to the 3/2 power equals the sum of the diameters of the daughter dendrites (d, and dJ each taken to the 3/2 power. Measurements of the diameter of dendritic segments were made at 540 branch points (269 from small arbors and 27 1 from large arbors). For segments that displayed irregularities in caliber such as swellings and/or constrictions, an average diameter was calculated from measurements made every 3-7 pm. Figure 3 illustrates these measurements for the branch point as a function of their branch order. Clearly, branch points in both small and large arbors adhered to the 3/2-power rule very closely (0.99 f 0.10 for small cells and 1.04 f 0.17 for large cells). Further, the distributions of the ratios of branch diameters as a function of branch order were similar as well (JI > 0.1).
The distributions of branch angles between daughter dendrites for the branch points in the 6 arbors were compared, and the results are illustrated in Figure 4 . Branch points in both small and large arbors showed the same range of 12-198" (bin size, 16"). Moreover, the distributions for both small and large arbors were remarkably similar (p > 0. I), indicating a common feature to their branching architectures. Finally, we examined the distribution of dendritic segment lengths as a function of branch order. The lengths of all dendritic segments within an arbor were first totaled, and then the percentage of this total contributed by segments of a given branch order was computed. As illustrated in Figure 5 , the majority of segments were distributed between the 4th and 12th orders, and the distributions for both small and large arbors were identical (p > 0.1). These data indicate no redistribution of dendritic segment lengths within an arbor as it enlarges. Taken together, these morphometric data suggest that, as the retina grows by expansion, the dendritic arbors scale up spatially without any alterations in their geometry.
Electrical modeling
Formulations describing electrotonic properties of branching dendritic structures have shown that dendritic geometry, along with specific membrane (R,) and internal (I?,) resistivity, plays a major role in determining a cell's passive cable properties. For example, if we model an arbor as an equivalent cylinder (arbors of type 1.2 ganglion cells may be so modeled because they follow the 3/2-power rule), the total electronic length (L) is proportional to the cylinder's geometry and R, as follows: 
where 1 and d represent the length and diameter of the equivalent cylinder (Jack et al., 1971; Gustafsson and Pinter, 1984) . If we assume that 2 arbors are scaled versions of one another, as our morphometric data for small and large arbors indicate, then their equivalent cylinders will have similar geometry (llfi and thus, L is simply inversely proportional to R,. For our computations, we have assumed constant specific membrane and internal resistivity for all arbors (see Materials and Methods). Thus, if the arbors in this study are indeed scaled versions of one another, then they should have the same electrotonic lengths. We first computed the terminal electrotonic distances in each arbor by totaling the length constants (using Eq. 1) of all dendritic segments between a terminal ending and the soma. The total electrotonic length for each arbor was then computed as the average of all terminal electrotonic distances. Although terminal endings in large arbors were generally farther from the soma than those in small arbors (387.2 + 15 1.1 pm in large arbors, 244.9 + 83.2 pm in small arbors), their average electrotonic distances (total electrotonic length of arbor) from the soma were the same (0.86 t-0.39 X for small arbors and 0.87 + 0.33 X for large arbors). These data indicate that the geometric term (Z/\/a> in Equation 7 remains constant for both small and large arbors, thus reinforcing our prior conclusion that the arbors of the type 1.2 ganglion cells we studied are scaled versions of one another.
As a more rigorous way of analyzing the electrotonic properties of these arbors, we calculated the steady-state voltage Figure 1 . The broken lines represent the ratio expected if the branch points followed the 3/2-power rule perfectly.
ending using formulations described by Rall(l959; see Materials and Methods). Figure 6 shows Sholl diagrams for the dendritic arbors illustrated in Figure 1 , A and D. Dendritic segments are drawn to the same anatomical scale, but relative thickness of segments is not represented. We mimicked the activation of a synaptic input by applying a voltage at various terminal endings and computing the voltage attenuation along the arbor at each branch point. In Figure 6 , a voltage of 100% V,,, has been placed at one dendritic ending (boxed value), and values of the voltage at other locations within the arbors are presented as percentages of Kax. For both the small and the large arbor, the voltage is propagated effectively throughout the tree, with attenuation at the soma of only 40115%. Similar computations were performed for voltage applications at all terminals in the 6 arbors, and a summary of our findings is presented in Figure 7 . Each point represents the application of a voltage or synaptic potential at a terminal ending. The ordinate represents the percent of V,,, that will be seen at the soma, and the abscissa shows the electrotonic distance of the terminal ending from the soma. The graph illustrates voltage application to 546 terminal endings (272 from small arbors and 274 from large arbors). Clearly, there is total overlap between Branch Angle (degrees) Figure 4 . Histograms showings the distribution of branch angles between daughter dendrites. Each bin (16") includes data from 3 dendritic arbors.
the distributions for small and large arbors (F test, p > O.l), indicating that passive propagation of synaptic current is similar in both small and large cells.
Discussion
Dendritic growth This study was undertaken to gain insights into the cellular changes that occur during brain growth and to test the hypothesis (Hitchcock and Easter, 1986 ) that the dendritic arbors of ganglion cells in the goldfish grow interstitially and uniformly with the expansion of the retina. The previous study concluded that the arbors of ganglion cells grow analogous to the manner in which a drawing would grow upon an inflating balloon. However, this conclusion was based upon limited anatomical data that did not include measures of dendritic segment length and diameter from individual cells. In the present study, we utilized numerous anatomical measures and electrotonic modeling to test further the "balloon-inflation" hypothesis. Because dendritic growth concomitant with the retinal stretch could not be observed directly, we selected cells with mature arbors in large/old retinas and compared them to cells with mature arbors in small/young retinas. This is an indirect way of studying the development of those cells in the large/old fish and relies on our ability to infer their life history. Earlier studies have shown that (1) new ganglion cells are added to the retina from a ring of proliferative cells at the retinal margin (Johns, 1977) , and (2) ganglion cells elaborate new dendrites within an annulus adjacent to this zone, whereas central to this annulus the arbors are mature (Hitchcock and Easter, 1986) . Because of the appositional growth of the retina and the pattern of dendritic growth of the ganglion cells, we know that the large ganglion cells studied here, by virtue of their location within central retina, grew their arbors to maturity when the retina (and fish) were smaller and younger. The appearance of these large/old arbors at an earlier point in their lives, therefore, is approximated by mature arbors in the retinas of small/young fish. We used 2 quantitative approaches to compare the small and large arbors. First, we made comparisons of dendritic morphologies, and, second, we modeled the passive, steady-state spread of current within the arbors. The analysis of the passive cable properties provided an independent and complementary method for comparing dendritic geometry. Whereas the morphometric studies viewed each parameter individually, the electrical modeling reflected the interrelationships between parameters, for example, lengths, diameters, and location of dendritic segments within an arbor. Both sets of analyses, however, indicated that small and large arbors were virtually identical. This suggests that the dendritic arbors of ganglion cells scale up in size as the retina stretches, all the while preserving the architecture established during the phase of dendritic outgrowth (Hitchcock and Easter, 1986) .
This exquisite preservation of dendritic architecture with retinal expansion is in contrast to that seen in mammals (Dann et al., 1988; Ramoa et al., 1988; Wong, 1990) . For example, in the cat, the peripheral retina expands significantly during the first few postnatal weeks (Mastronarde et al., 1984) . Although the dendritic arbors of ganglion cells residing there show a concomitant increase in length and girth, presumably in response to the expansion of the retina, they also undergo a significant remodeling during this time (Maslim et al., 1986; Dann et al., 1988; Ramoa et al., 1988) . This remodeling results from an initially exuberant growth followed by the loss of superfluous processes (Dann et al., 1988; Ramoa et al., 1988) ; adult dendritic structure is achieved by about the end of the first postnatal month. This exuberant dendritic growth and subsequent remodeling is characteristic of many types of developing neurons (e.g., Purkinje cells; Sadler and Berry, 1984) . The dendrites of ganglion cells in the goldfish achieve maturity without a transient, exuberant phase (Hitchcock and Easter, 1986) , and our present results suggest that no apparent remodeling occurs as the arbors enlarge with retinal stretch. These differences may reflect the fact that the mammalian SOMA system are minimal, whereas in the fish, new ganglion cells are added to a preexisting retina that is mature and functional. In the fish retina, a continual remodeling of the dendritic architecture of mature cells would have the deleterious effect of continuously altering their integrative properties. It is well documented that the dendritic growth of retinal neurons in fish is extremely protracted (Kock, 1982a; Kock and Stell, 1985; Hitchcock and Easter, 1986; Brown and Hitchcock, 1989) . This neuronal enlargement requires a continual insertion of new plasma membrane, a net increase in the length and number of cytoskeletal elements, and, perhaps, the continual assembly and insertion of postsynaptic specializations (see below). The bulk of this molecular growth, however, is imposed upon a dendritic arbor whose architecture remains unchanged. This indicates that, once a dendrite's architecture is established during the phase of active process outgrowth, it remains immutable and acts as a template upon which further growth is built. Although there is no experimental evidence for the mechanism underlying ganglion cell growth, it has been speculated that this results from mechanical forces produced by the expanding globe and retina (Hitchcock and Easter, 1986) . The scaled growth of ganglion cells may thus be an epiphenomenon of the underlying balloon-like expansion of the retina.
Electrical modeling
In addition to providing a useful means of comparing the geometry of small and large arbors, the cable modeling also highlighted some of the functional consequences of the dendritic Electrotonic Distance from Soma (I.)
geometry and growth of type 1.2 cells. Although the large arbors were some 60% longer than the small arbors, they all showed the same total electrotonic length of approximately 0.9X. This suggests that all arbors are electrically compact in that synaptic potentials generated in the most distal dendrites are presumably capable of influencing somatic and axonal responses. In addition, the arbors adhered closely to the 3/2-power rule at branch points. Branch points satisfying this geometric constraint optimize current flow in both directions across the branch (Bloomfield et al., 1987) . As a result, not only can postsynaptic potentials (PSPs) move efficiently toward the soma, but currents generated proximally can invade the more distal dendritic segments and influence the further generation of PSPs there. The type 1.2 ganglion cell, and other neurons that satisfy the 3/2-power rule, may be constructed to maintain such state-dependent regulation of synaptic inputs, whereas other neurons may be constructed for generation of constant PSPs regardless of their state of activity. It should be emphasized that the purpose of the electrical modeling was to compare the geometry of small and large arbors (this was the reason for using the same resistivity values for all arbors) and not to provide an exact description of their electrotonic properties. Propagation of synaptic currents within an arbor will be influenced by many factors, such as interactions between synaptic inputs (the present model assumes activation of a single input), variability in resistivity values between and/ or within arbors, and active conductances. However, the passive electrical properties described here may be considered reasonable first approximations of the electrotonic behavior of these cells.
Functional consequences
Because of the uniformity of retinal expansion , as the dendrites of the type 1.2 ganglion cells enlarge, it is reasonable to assume that preexisting synaptic inputs will remain at the same absolute sites on the arbor. The electrotonic modeling suggests that these synapses, though moving farther away from the soma as the arbor enlarges, will remain at the same relative electrotonic distance from the soma. This suggests that the efficacy of synaptic inputs as a function of their position on the arbor will be conserved during cell growth. However, because of the increasing diameter of each dendritic segment over time, the input resistance of the arbor will progressively decrease. Thus, at each postsynaptic site, the same conductance change will produce a greater potential change in the small arbor than in the large one. As the arbor grows, therefore, more current must be generated by the activation of each afferent neuron to maintain a synaptic potential of constant amplitude. There are at least 2 ways in which this could be achieved: First, each postsynaptic site could, over time, generate increasingly greater synaptic currents, perhaps by increasing the number of channels present at that site or by changing the kinetics of individual channels. Second, a greater synaptic current could be generated by increasing the number of synapses from each afferent neuron that contact a given arbor. There is circumstantial evidence for this possibility. As the goldfish retina expands, there is a 4-5-fold increase in the number of synapses within the inner plexiform layer when expressed on a per ganglion cell basis (Fisher and Easter, 1979) . Therefore, the decreased input resistance could be compensated for by having each afferent neuron contact the arbor at an ever greater number of sites. If this developmental strategy is employed, the dendritic arbors of type 1.2 cells in large/old fish should receive more synaptic contacts than those in small/young fish.
